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2are separated by at least one optical wavelength. Both
ions have the internal structure of a lambda system and
the optical cavity couples the states j2i and j3i of each




g (i = 1; 2 denotes
the ion), form our qubit, while j3i is an auxiliary state.
The energy level structure for one of the ions is shown in
gure 2. The Hamilton operator describing the combined









































hj, g is the cavity-ion coupling con-
stant, a and a
y
are the annihilation and creation opera-
tors for the cavity photons and h = 1.
ω c







FIG. 2: Energy diagram of one of the ions. The cavity drives
the transition j2i ! j3i with coupling constant g and has a
detuning .
As mentioned in the introduction, the cavity is strongly







) and the cavity-atom coupling con-




 1. A consequence
of the strong detuning of the cavity is that the popula-
tion in the cavity mode will be very small at all times
if initially it is initially not populated. As states in-
volving photons play a negligible role in the time evolu-
tion we can eliminate them from the Hamilton operator
adiabatically [13]. To do this we compute the eective
























) to second or-


















































All contributions that could induce transitions to levels
involving photons are rapidly oscillating due to the strong
detuning of the cavity mode.
Furthermore, from eq. (2) we see that the detuned
cavity induces an energy shift in the energy-levels of the







(j23i   j32i); (3)
together with the states fj11i,j12i,j21i,j22ig are not




. The goal will be to use these energy shifts to create
a conditional dynamics of the two qubits.














 for ion 2. The full Hamiltonian of the system













































































is satised, we can again
use perturbation theory [12] to nd the eective Hamil-
tonian for the subspace where the states that we want to
use as qubits belong to. From eq. (5) one can see the this
subspace is fj11i,j12i,j21i,j22i,j	
a
ig, since the rest of the
states are shifted out of resonance by the interaction of












Note that because some of the levels are shifted, the laser
only couples the state j22i with the state j	
a
i. The re-
sulting eective Hamiltonian is thus non-local despite the
local interaction of the laser with the ions. The explana-
tion for this apparent contradiction lies in the non-local
character of the ion-cavity interaction. The Hamiltonian





j22i !  j22i; (6)
can be obtained via e
 iHt








after a complete oscillation between the state j	
a
i and
j22i the latter gains a phase, whereas the rest of the states
do not evolve. This control-phase gate can be turned into
a CNOT gate by applying before and after it a Hadamard
transformation.
The physical idea behind this scheme is presented in
gure 3 where we depict the ionic energy levels corre-
sponding to zero and one photons in the cavity mode.
The o-resonant coupling between the ion and the cavity
(indicated by arrows) induce Stark-shifts in some of the
3energy levels corresponding to zero photon states. Choos-
ing a suitably detuned laser, we can therefore selectively
couple energy levels. As the energy shifts arise due to the
interaction with a cavity mode which is non-local we ob-
tain an eective non-local dynamics when shining lasers














FIG. 3: Selected energy levels of the ions for both zero and
one photon levels. Due to the detuned atom-cavity interaction
(indicated by arrows) energy shifts occur in some of the zero-
photon levels.
of free-space dipole-dipole interaction between extremely
closely spaced ions [14] but here the interaction is medi-
ated by the cavity mode. It should be noted, that in our
set-up the ions can have a distance of many optical wave-
lengths at which the free space dipole-dipole interaction
is negligible.






time (in units of g−1)





2(j11i   j22i) when there is no dissipation. In the gure
one can see the populations of both states. The parameters
are  = 3g and 
 = 2:0 10
 3
g. The probability of having
zero photons is > 0:999.
In order to see whether the above approximations are
correct, we have studied numerically the system using
the full Hamiltonian without any approximations. For
instance, we would expect oscillations between the state
1=
p
2(j22i+ j11i) and 1=
p
2(j22i   j11i). In gure 4 we
plot the oscillations between these two states for the pa-
rameters  = 3:0g and 
 = 0:01g. We observe that al-
though (g=)
2
 1, the photon population remains van-
ishingly small for all practical purposes. It is important
to note that in this scheme the interaction of the cavity-
mode with the two ions is the ingredient that allows us
to construct the two-qubit gate although the cavity mode
has (almost) no population throughout the performance
of the gate. This becomes important when the cavity has













time (in units of g−1)
FIG. 5: Fidelity of the gate starting from the state
1=
p
2(j11i+j22i) without cavity decay, ie  = 0 (left) and with
cavity decay  = 1:0g (right). The gate is performed 5 consec-
utive times. The parameters are  = 3:0g and 
 = 2:0 10
 3
g.
The similarity of the two graphs demonstrates that the inu-
ence of the cavity decay is eÆciently suppressed.
It remains to be seen that any one-qubit gate can be
performed within this set-up, since single qubit opera-
tions are required to achieve universal quantum compu-
tation. A general single qubit rotation can be achieved
by coupling the two levels j1i and j2i of one ion via a
Raman transition using two lasers with the appropriate
phases. This transition can be done using another level
which is not coupled to the cavity and does not suer
any energy shift. This framework allows us to work with
states with a very long lifetime and therefore the deco-
herence due to spontaneous emission of the ions when
they are in the lower levels is strongly suppressed.
In the analysis so far we have neglected the cavity de-
cay. In a practical experimental situation, however, such
process is present and for practical purposes, is impor-
tant to know whether the scheme is robust against deco-
herence. Fortunately, it turns out that the use of a far
detuned cavity makes the scheme robust against cavity
decay as the cavity modes have an extremely small pop-
ulation throughout the gate operation. This is demon-
strated in gure 5 where we have run a simulation with
vanishing  (left half of the graph) and  = g (right half
of the graph. There is no appreciable dierence between
the two time evolutions which clearly shows that the in-
uence of the cavity decay is eÆciently suppressed.
4A further source of decoherence in this proposal is the
fact that the state j3i can decay spontaneously to j2i
since the upper level is populated during the evolution.
On the other hand the gate can be performed very fast
because even when we have g   there are no photons
created in the cavity. In gure 6 we show a Monte Carlo
simulation [15] where we see that we have a gate delity
of  0:99 for a decay rate of   = 5:0  10
 4
g.






time (in units of g−1)





2(j11i   j22i). In the gure one can see the populations
of both states. The parameters are  = 3:0g, 
 = 2:0 10
 3
g,
the cavity decay rate  = 0:5g and   = 5:0 10
 5
g for the
line-width of the upper level.
In summary, we have demonstrated that a system con-
sisting of ions trapped inside of a far detuned optical
cavity can be used to implement coherent quantum in-
formation processing. The strong detuning between cav-
ity mode and ion leads to an eective suppression of the
cavity decay. Spontaneous decay from the ions is reduced
by storing the qubits in two lower states of a Raman
conguration. Both single qubit and two-qubit can be
implemented. The scheme can be implemented with cur-
rent experimental technology as the recent preparation
of trapped ions in optical cavities demonstrates [11].
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